The human splicing factor ASF/SF2 (alternative splicing factor/ splicing factor 2) is modular in structure with two RNA-binding domains (RBD1 and RBD2) and a C-terminal domain rich in arginine-serine dipeptide repeats. ASF/SF2 is an essential splicing factor that also functions as an important regulator of alternative splicing. In adenovirus E1A (early region 1A) alternative premRNA splicing, ASF/SF2 functions as a strong inducer of proximal 5 -splice-site selection, both in vitro and in vivo. In the present study, we tested the functional role of individual domains of ASF/SF2 in alternative splicing in vitro. We show that ASF/SF2-RBD2 is the critical domain controlling E1A alternative splicing. In fact, RBD2 alone is sufficient to mimic the activity of the full-length ASF/SF2 protein as an inducer of proximal 5 -splicesite selection in vitro. The RBD2 domain induces a switch to E1A-proximal 5 -splice-site usage by repressing distal 12 S splicing and simultaneously stimulates proximal 13 S splicing. In contrast, the ASF/SF2-RBD1 domain has a more general splicing enhancer phenotype and appears to stimulate preferentially capproximal 5 -splice-site selection. Furthermore, the SWQDLKD motif, which is conserved in all SR proteins (serine/arginine-rich proteins) containing two RBDs, and the ribonucleoprotein-1-type RNA recognition motif were both found to be necessary for the alternative splice-site-switching activity of ASF/SF2. The RNP-1 motif was necessary for efficient RNA binding, whereas the SWQDLKD motif most probably contributes by functioning as a surface-mediating critical protein-protein contact during spliceosome assembly.
INTRODUCTION
The precise excision of introns from pre-mRNA is performed by the spliceosome, a macromolecular machine containing five small nRNAs and numerous proteins (reviewed in [1] ). The spliceosome performs the two primary functions of splicing: it recognizes the splicing signals in the pre-mRNA and catalyses the removal of the intron and the joining of the exons. The mechanism of splice-site selection in constitutive and alternative splicing are closely connected, since components of the splicing machinery essential for constitutive splicing also have a role in the regulation of alternative splicing. For example, developmental or tissue-specific differences in the activity or the amount of general splicing factors and/or gene-specific splicing regulators can result in alternative splice-site usage. One such group of factors, which are often involved in regulated splicing, is the SR family of splicing factors [2] .
SR proteins (serine/arginine-rich proteins), a group of highly conserved proteins in metazoans, are essential for constitutive splicing as well as regulation of alternative splicing. SR proteins have a characteristic structure and contain one or two N-terminal RNP (ribonucleoprotein)-type RBDs (RNA-binding domains) and a variable-length C-terminal RS domain (arginine-and serinerich domain; reviewed in [3] ). SR proteins are modular in structure, with the RBDs making sequence-specific contact with the RNA [4, 5] and the RS domain mediating protein-protein interactions that are supposed to be essential for the recruitment of Abbreviations used: ASF/SF2, alternative splicing factor/splicing factor 2; E1A, early region 1A; RBD, RNA-binding domain; RNP, ribonucleoprotein; RNP-1 motif, conserved RNA-binding motif 1; RS domain, arginine-and serine-rich domain; hnRNP, heterogeneous nuclear ribonucleoprotein; snRNP, small nuclear ribonucleoprotein; SR protein, serine/arginine-rich protein. 1 To whom correspondence should be addressed (e-mail goran.akusjarvi@imbim.uu.se).
other splicing components during spliceosome assembly [3, [6] [7] [8] . SR proteins stimulate binding of U1 snRNP (small nuclear RNP) to the 5 -splice site, binding of U2AF (U2 snRNP auxiliary factor) to the 3 -splice site and recruitment of the U4/U6-U5 triple snRNP to form the pre-spliceosome [6, 9, 10] . SR proteins are, to a large extent, functionally redundant as activators of constitutive splicing. They also serve as regulators of alternative splicing. In general, increasing concentrations of these proteins tend to select the intron-proximal 5 -splice site in vitro [11, 12] and in vivo [13] [14] [15] . However, individual SR proteins can sometimes have opposite effects on alternative splice-site selection, as for adenovirus E1A (early region 1A) pre-mRNA splicing (see below). The adenovirus E1A transcription unit represents a natural premRNA substrate that gives rise to three major mRNAs, namely 13, 12 and 9 S mRNAs, by alternative splicing using three 5 -splice sites and a common 3 -splice site [16] . E1A alternative splicing is subjected to a temporal regulation during a lytic infection. Thus the 9 S mRNA, which is almost undetectable at the early stages of infection, becomes the predominant E1A mRNA at later stages of infection (reviewed in [17] ). The early-to-late shift in splice-site usage is probably determined by the intrinsic properties of the respective 5 -splice-site regions, with the 13 and 9 S 5 -splice sites being the strongest and weakest respectively. E1A alternative splicing has been shown to be highly sensitive to changes in various parameters, both in vitro and in vivo [18, 19] . Therefore E1A has successfully been used as a model substrate to characterize the function of SR proteins as regulators of alternative RNA splicing. The activity of the whole family of SR proteins has been tested using the E1A unit as a model substrate, either in vitro and/or in transient co-transfection assays. The results show that many SR proteins have unique activities to activate one of the three 5 -splice sites in the E1A pre-mRNA. For example, ASF/ SF2 (alternative splicing factor/splicing factor 2) and SC35 enhance proximal 13 S mRNA splicing [11, 13, 14, [20] [21] [22] , whereas SRp20 enhances 12 S mRNA splicing [14, 23] and SRp54 enhances 9 S mRNA splicing [24] . SRp40 and 9G8 appear to stimulate both 13 and 12 S mRNA splicing [11, 14, 24, 25] . The dosedependent enhancement of the proximal 5 -splice-site selection by ASF/SF2 has been explained using an occupancy model where ASF/SF2 stimulates U1 snRNP recruitment to all the 5 -splice sites [26] . When all the sites are filled, splicing occurs between the 5 -splice sites closest to the 3 -splice site, i.e. the proximal 13 S 5 -splice site.
The function of the different ASF/SF2 domains in E1A alternative splicing has only been tested in vivo. The results show that the RS domain was dispensable for the 13 S 5 -splice-siteswitching activity of ASF/SF2 [15, 23] . Furthermore, ASF/SF2 mutant proteins lacking RBD1 or RBD2 are also active as regulators of E1A splicing [23, 27] . A mutant protein lacking RBD1 had the same activity as wild-type ASF/SF2 and stimulated 13 S 5 -splice-site selection, whereas a mutant protein lacking RBD2 enhanced 12 S mRNA splicing.
In addition to functioning as splicing enhancer factors, SR proteins can also function as splicing repressor proteins (reviewed in [17] ). This motivated us to investigate the function of ASF/SF2 domains in E1A alternative splicing. We have shown previously that ASF/SF2 and other SR proteins inhibit adenovirus IIIa premRNA splicing by binding to the IIIa repressor element (3RE), which is located immediately upstream of the IIIa branch site [28] . In a follow-up study [29] , we examined the functional role of the different domains of ASF/SF2 in the regulated splicing of the IIIa pre-mRNA in vitro. We showed that the second RBD (RBD2) of ASF/SF2 was both necessary and sufficient for ASF/SF2-mediated repression of IIIa pre-mRNA splicing. Furthermore, we showed that the SWQDLKD motif, conserved in all SR proteins containing RBD2, was essential for the ASF/SF2-RBD2-mediated repression of IIIa splicing.
In the present study, we have examined the contribution of different domains of ASF/SF2 to E1A alternative splicing in vitro. In contrast with previous results [30] , we show that both RBDs of ASF/SF2 are active and capable of regulating E1A alternative splicing in vitro. However, the activity of the two domains was opposite on alternative 5 -splice-site usage. Thus RBD2 strongly promoted proximal 13 S 5 -splice-site usage and concomitantly inhibited distal 12 S 5 -splice-site selection, whereas RBD1 preferentially activated distal 12 S 5 -splice-site usage. Interestingly, the activity of RBD2 and RBD1 on E1A alternative splicing was also detected in the absence of splice-site competition. Thus RBD2 functioned as a repressor of 12 S 5 -splice-site usage and simultaneously activated 13 S 5 -splice-site selection. In contrast, RBD1 activated splicing of both the 12 and 13 S 5 -splice sites in the absence of competition, suggesting that RBD1 may preferentially activate the cap-proximal 5 -splice site in a pre-mRNA. Furthermore, the SWQDLKD motif, conserved in all SR proteins containing an RBD2, and RNP-1 (conserved RNA-binding motif 1) were both required for the alternative splice-site selection activity of ASF/SF2-RBD2. The RNP-1 motif was necessary for efficient RNA binding, whereas the SWQDLKD motif most probably contributes by functioning as a surface for protein-protein interactions between ASF/SF2-RBD2 and other components of the splicing machinery.
EXPERIMENTAL

Constructs and protein purification
Most plasmids expressing ASF/SF2 hybrid proteins have been described previously [29] . His-RBD1 and His-RBD2 were created from MS2-RBD1 and MS2-RBD2 by recloning the individual ASF/SF2-RBDs into the pET15b vector (Novagen). All the hybrid proteins were co-expressed in Escherichia coli BL21(DE3) together with SR protein kinase 1 [31] and purified under the conditions described previously [29] . The plasmid pML005SVR1-13S(mut) was generated by site-specific mutagenesis, changing four nucleotides at the E1A 13 S 5 -splice site (5 -CUACAGUA-AGUGA-3 mutated to 5 -CUACAugcAuUGA-3 taken from [32] ).
Synthesis of transcripts
The template for E1A pre-mRNA synthesis was generated by PCR amplification, using the upstream primer 5 -ATTAATACG-ACTCACTATAGGGTCCGGTTTCTATGCC-3 and the downstream primer 5 -ACACAGGTGATGTCGGGCGTCTCAGGAT-AGCAGG-3 on the plasmid pML005 SVR1 [33] . The truncated E1A pre-mRNA contained nucleotides 879-1336 from the adenovirus 2 E1A region [34] . The E1A 12 S pre-mRNA used in Figure 5 differs from the wild-type transcript in containing the four-nucleotide change that inactivates the 13 S 5 -splice site [32] . The template for E1A 13 S pre-mRNA synthesis was generated by PCR amplification, using the alternative upstream primer 5 -ATTAATACGACTCACTATAGGGACCCAGATATTATG-3 together with the common downstream primer. The E1A 13 S pre-mRNA contained nucleotides 1052-1336 from the adenovirus 2 E1A region [34] . Capped and 32 P-labelled E1A pre-mRNAs (CTP as the labelled nucleotide) were synthesized by in vitro run-off transcription from purified PCR product using T7 RNA polymerase, as described previously [35] .
Templates for synthesis of the 115 nucleotide RNA fragments used in the UV cross-linking assay were generated by PCR amplification, using the upstream primer 5 -ATTAATACGAC-TCACTATAGGGACCCAGATATTATG-3 and the downstream primer 5 -AATTACCACACCAAACCCACCACTCTATCACCC-3 on pML005 SVR1 [33] or pML005SVRI-13S(mut) plasmid respectively. These short RNA fragments span the E1A 13 S 5 -splice site and contain nucleotides 1052-1166 from the adenovirus 2 E1A region [34] . Uncapped 32 P-labelled transcripts (GTP and UTP as the labelled nucleotides) were prepared by in vitro run-off transcription from purified PCR product using T7 RNA polymerase.
In vitro splicing
HeLa nuclear extracts (HeLa-NE) and HeLa cytoplasmic extracts (HeLa-S100) were prepared as described previously [29, 35] . Great care was taken to establish conditions that would generate low basal splicing but approximately equal usage of the 12 and 13 S 5 -splice sites. In our standard method, the in vitro splicing reactions contained 6 % (v/v) HeLa-NE, 25 % (v/v) HeLa-S100, 2.6 % (w/v) poly(vinyl alcohol), 20 mM phosphocreatine, 2 mM ATP, 12 % (v/v) glycerol, 12 mM Hepes (pH 7.9), 48 mM KCl, 2.1 mM MgCl 2 and 15 fmol of 32 P-labelled pre-mRNA in a total volume of 25 µl. Splicing reaction mixtures were incubated at 30
• C for 2 h. The reaction products were resolved on 8 % denaturing polyacrylamide gels and visualized by autoradiography. Identities of spliced products and intermediates were assigned based on their size.
UV cross-linking
Approx. 30 fmol of 32 P-labelled 115 nucleotide fragments encompassing the E1A 13 S wild-type or mutant 5 -splice site were incubated under splicing conditions (20 mM phosphocreatine/ 2 mM ATP/12 % glycerol/12 mM Hepes, pH 7.9/48 mM KCl/ 2.1 mM MgCl 2 ) with the indicated amounts of purified MS2-ASF/SF2 hybrid proteins in a total reaction volume of 12.5 µl, together with 2.5 µg of unlabelled competitor tRNA. Mixtures were incubated at 30
• C for 15 min and then irradiated with 254 nm UV light for 30 min on ice (output, 1200 µW/cm 2 ; distance, 1 cm). RNA was digested with 50 µg of RNase A at 37
• C for 15 min, followed by 15 min incubation at 56
• C. Then, 4 µl of a 6 × SDS gel loading buffer was added and the samples were resolved by SDS/PAGE (12 % gel) under reducing conditions [36] . Labelled proteins were visualized by autoradiography.
RESULTS
ASF/SF2-RBD1 and -RBD2 have opposite effects on E1A alternative splice-site selection in vitro
To investigate the role of individual domains of ASF/SF2 in alternative splicing, we analysed the activity of chimaeric ASF/SF2 proteins on adenovirus E1A pre-mRNA splicing in vitro. For the initial experiments, we used a series of MS2-ASF/SF2 chimaeric proteins ( Figure 1A ) that we have described previously [29] . The MS2-ASF/SF2 hybrid proteins were expressed and purified from E. coli as His-tagged proteins together with SR protein kinase 1. The co-expression of the MS2-ASF/SF2 fusion proteins with SR protein kinase 1 makes the proteins more soluble and more active as splicing regulators [29, 31] .
The E1A transcription unit uses three 5 -splice sites and a common 3 -splice site to produce three major mRNAs: the 13, 12 and 9 S mRNAs [16] . For convenience, we used a shortened E1A pre-mRNA that contained only the 13 and 12 S 5 -splice sites ( Figure 1B) . As shown previously, E1A alternative splicing in HeLa-NE is strongly dependent on the reaction conditions [18] . Therefore great care was taken to mix HeLa-NE and HeLa-S100 extracts in proportions that ensured a low basal usage of both the 5 -splice sites (see the Experimental section). Importantly, it was essential to include a small amount of HeLa-NE, since S100 extracts do not contain SR proteins and, therefore, do not support constitutive splicing.
Although ASF/SF2 deletion proteins were created as MS2 fusion proteins, our initial experiments demonstrated that the effects of the MS2-ASF/SF2 hybrid proteins on E1A pre-mRNA splicing were not dependent on the presence of the MS2 operator sequence in the E1A pre-mRNA (results not shown). This finding is in line with previous results showing that ASF/SF2 proteins devoid of RBD1 or RBD2 are functional as regulators of E1A alternative splicing in transient transfection assays [23, 27] . Therefore all the experiments presented here were performed using an E1A premRNA substrate lacking an MS2 operator sequence.
In the present study, we evaluated the effects of the MS2-ASF/ SF2 hybrid proteins on alternative splicing of E1A pre-mRNA in vitro. It is well established that ASF/SF2 promotes proximal 5 -splice-site utilization on the E1A pre-mRNA [20, 21] . In agreement with this, addition of the wild-type MS2-ASF/SF2 protein efficiently promoted 13 S 5 -splice-site usage ( Figure 1C, lane 4) , whereas the same molar amount of the native MS2 protein had no effect on alternative splice-site selection (lane 3). Deletion of RBD1 caused a slight reduction in the general splicing enhancer activity of the protein (MS2-RBD2 + RS; lane 5). However, this protein still stimulated proximal 5 -splice-site usage. Interestingly, the MS2-RBD2 hybrid protein promoted utilization of the proximal 5 -splice site as efficiently as the MS2-RBD2 + RS fusion protein (lane 6), suggesting that the RS domain is not essential for this effect. This finding is in agreement with the observation that the MS2-RS fusion protein had no stimulatory effect on E1A splicing (lane 8). The MS2-RBD1 fusion protein activated both 12 and 13 S mRNA splicing (lane 7). However, the effect was most pronounced on distal 12 S mRNA splicing. Thus the net effect of MS2-RBD1 was a preferential stimulation of distal 12 S 5 -splice-site usage (see below). 
The MS2 coat protein sequence is not required for the opposite effects of ASF/SF2-RBD1 and -RBD2 on E1A alternative splice-site usage
The MS2 coat protein is a dimeric protein [37] . Consequently, it cannot be excluded that the MS2-RBD1 and MS2-RBD2 proteins through an artificial dimerization mediated by the MS2 domain may mimic an ASF/SF2 RS protein variant, i.e. a protein with two RBDs. Also, the MS2 part of the chimaeric proteins may bind unspecifically to the RNA.
To determine whether the MS2 domain was required for the splice-site-switching activity of MS2-ASF/SF2 fusion proteins, we generated His-RBD1 and His-RBD2 (Figure 2A ). These proteins are identical with MS2-RBD1 and MS2-RBD2 ( Figure 1A ), except that they lack the MS2 coat protein sequence. As shown in Figure 2 , the histidine variants of RBD1 and RBD2 have the same activity as the corresponding MS2 fusion proteins: His-RBD1 inducing preferentially 12 S 5 -splice-site selection ( Figure 2C ) and His-RBD2 enhancing 13 S 5 -splice-site usage ( Figure 2D) . We conclude that ASF/SF2-RBD1 and -RBD2 function as inducers of splice-site switching in the absence of artificial dimer formation. Furthermore, this experiment showed that His-RBD2, in addition to activating 13 S 5 -splice-site selection, reduced 12 S mRNA splicing ( Figure 2D ). This effect was not unique to the His-RBD2 protein, since the MS2-RBD2 and MS2-RBD2 + RS proteins also showed opposite effects on proximal and distal 5 -splice-site usage (Figures 1 and 3) . To characterize further the structural motifs in ASF/SF2-RBD2 required for the proximal 5 -splice-site-switching activity, we used a set of ASF/SF2 mutant proteins that we previously constructed to perturb specific motifs in RBD2 ( [29] and Figure 3A ). Although our results have shown that the RS domain is not required for the splice-site-switching activity of RBD2, we used the MS2-RBD2 + RS hybrid protein as the parental protein for mutant construction because of its more robust character (see [29] ). In an attempt to minimize structural and folding perturbations, these mutations were constructed by introducing conservative amino acid changes that were predicted to preserve the secondary structure of the various motifs mutated [29] . As shown in Figure 3 , a mutation of the α-helix 2 did not have any negative effect on MS2-RBD2 + RS both as an activator of proximal 13 S 5 -splice-site selection and as a repressor of 12 S 5 -splice-site usage (lane 3). In contrast, mutating either the RNP-1 motif or the conserved SWQDLKD motif in α-helix 1 completely abolished the activity of MS2-RBD2 + RS as a regulator of E1A alternative splicing (lanes 4 and 5). In fact, supplementing these proteins with HeLa-NE appeared to have a slight repressive effect on basal E1A splicing.
Mutation of the α-helix 1 motif in ASF/SF2-RBD2 inhibits the splice-site-switching activity of RBD2 without impairing RNA binding Previous studies have shown that purified recombinant ASF/ SF2 RS can specifically bind to the E1A 13 S 5 -splice site [32] . To determine whether the failure of the RNP-1 and α-helix 1 mutant proteins to induce proximal 13 S 5 -splice-site selection correlated with a loss in specific RNA binding, we performed UV cross-linking experiments using a short RNA spanning the E1A 13 S 5 -splice site. In these experiments, the wild-type and mutant MS2-RBD2 + RS proteins (depicted in Figure 3A) were crosslinked under splicing conditions to a 115-nucleotide 32 P-labelled RNA fragment spanning the E1A 13 S 5 -splice site. As shown in Figure 4 (A), a mutation affecting the RNP-1 motif (lane 3) resulted in a significant reduction in the RNA-binding capacity of the mutant protein. This result was expected since the RNP-1 motif is a part of the β-strands making contact with the RNA. Since this protein also failed to activate E1A splicing (Figure 3) , the results suggest that the RNA-binding capacity of RBD2 is necessary for its function as a 13 S 5 -splice-site enhancer protein. Most interestingly, a mutation destroying the conserved SWQDLKD motif in α-helix 1 did not significantly reduce the RNA-binding capacity of the MS2-RBD2 + RS protein (Figure 4, lane 4) , but completely inactivated it as an E1A 13 S 5 -splice-site enhancer protein (Figure 3 ). This finding is noteworthy and suggests that the protein-protein interactions mediated by α-helix 1 may be essential for the splice-site-switching activity of ASF/SF2-RBD2. From this point, it is interesting to note that, in the predicted structure of ASF/SF2-RBD2, α-helix 1 is positioned opposite to the β-strands making contact with the RNA. As expected, the α-helix 2 mutant protein, which had wild-type splice-siteswitching activity (Figure 3) , was also efficient in RNA binding (lane 2). Figure 4 (B) shows a Coomassie Blue-stained gel of the RBD2 mutant proteins used in the UV cross-linking experiment.
To demonstrate that the ASF/SF2-RBD2 domain binds specifically to the E1A 13 S 5 -splice site, the UV cross-linking experiment was repeated using an RNA containing four mutations that were previously shown to be critical for ASF/SF2 binding to the 13 S 5 -splice site [32] . As shown in Figure 4 (A), all the proteins showed a drastic reduction or complete abolishment of RNA binding (lanes 5-8) . Collectively, these results suggest that the MS2-RBD2 + RS fusion proteins interacted preferentially with the E1A 13 S 5 -splice site. It is interesting to note that the α-helix 2 mutant protein, which interacted almost as efficiently as the wild-type and α-helix 1 mutant proteins with the native 13 S 5 -splice site ( Figure 4A, lane 2) , was unable to interact with the mutated 13 S 5 -splice site (lane 6).
ASF/SF2-RBD2 is a repressor of E1A 12 S 5 -splice-site usage
To dissect further the activity of ASF/SF2 on E1A alternative splice-site usage, we tested the effect of the RBDs on splicesite activation of the 12 or 13 S 5 -splice sites, in the absence of competition. For this experiment, two additional pre-mRNAs were created ( Figure 5A ). The E1A 12 S pre-mRNA was generated by introducing four base changes that inactivate the E1A 13 S 5 -splice site in the E1A unit [32] . The E1A 13 S premRNA was generated by synthesis of a shorter transcript encoding only the proximal E1A 13 S 5 -splice. As shown in Figure 5(B) , addition of His-RBD2 to the tandem E1A pre-mRNA stimulated, as expected (Figure 2D ), the proximal 13 S 5 -splice site and simultaneously repressed the distal 12 S 5 -splice-site usage (lane 2). Interestingly, on transcripts encoding the individual 5 -splice sites, His-RBD2 efficiently repressed E1A 12 S pre-mRNA splicing (lane 5), suggesting that this domain indeed has a splicing repressor phenotype. In addition, the His-RBD2 protein also had a slight stimulatory effect on E1A 13 S splicing (lane 8). In contrast, His-RBD1, which activates preferentially 12 S mRNA splicing in the tandem construct (lane 3), activated strongly both E1A 12 and 13 S splicing under non-competitive conditions (lanes 6 and 9). Taken together, these results suggest that the RBD1 domain has a more general splicing enhancer activity, possibly stimulating the cap-proximal 5 -splice site irrespective of its origin.
DISCUSSION
Previous studies have shown that the RS domain of ASF/SF2 is necessary for its activity as a constitutive splicing factor [30, 38] , but is not required for the activity of the protein as an inducer of alternative 5 -splice-site selection [30, 38] . Thus an ASF/SF2 RS protein stimulates proximal 5 -splice-site selection, both in vitro and in vivo [15, 30, 38] . In the present study, we show that the ASF/ SF2-RBD2 domain has a decisive and dominant role as a regulator of E1A alternative splicing. In fact, the ASF/SF2-RBD2 domain alone is sufficient to reproduce the activity of the full-length protein on E1A alternative splice-site activation in vitro under our experimental conditions. The specificity is identical although the activity is slightly lower compared with the full-length protein (Figure 1 ). Our results suggest that the RBD2 domain induces a shift towards 13 S splicing by possessing contrasting activities on the individual 12 and 13 S 5 -splice sites. Thus the shift in splice-site selection appears to result from a specific RBD2-mediated inhibition of 12 S 5 -splice-site selection combined with an enhancement of 13 S 5 -splice-site usage ( Figure 5 ). In contrast, ASF/SF2-RBD1 had the opposite effect and promoted distal 12 S 5 -splice-site usage (Figure 1 ). On the individual 5 -splice sites, RBD1 stimulated both 12 and 13 S 5 -splice-site usage ( Figure 5 ). Therefore it is quite probable that ASF/SF2-RBD1 has a more general activity as a splicing enhancer domain. The preferential activation of the 12 S 5 -splice site in the tandem construct (Figures 1 and 5 ) may be explained by a model where the ASF/SF2-RBD1 preferentially stimulates splicing to the capproximal 5 -splice site. Such a model would explain how RBD1 causes a shift towards 12 S splicing in the tandem construct while efficiently stimulating both the 12 and 13 S 5 -splice sites under non-competitive conditions. The activity of ASF/SF2-RBD1 resembles the activity ascribed to the hnRNP (heterogeneous nuclear ribonucleoprotein) A1 protein. Thus hnRNP A1 has been shown to counteract the stimulatory activity of ASF/SF2 on 13 S mRNA splicing and to enhance cap-proximal 5 -splice-site selection [13, 21, 39 ]. An alignment of the RBDs of these two proteins indicates that ASF/SF2-RBD1 is more similar to the two RBDs of hnRNP A1 than to ASF/SF2-RBD2 [40] .
The dose-dependent enhancement of proximal 5 -splice-site selection by ASF/SF2 has been explained using an occupancy model, where ASF/SF2 stimulates U1 snRNP recruitment to all the 5 -splice sites [26] . Results presented here support this model and suggest that the modular activities of the two RBDs of ASF/ SF2 contribute differently to the overall E1A alternative splicesite-switching activity. Thus, in agreement with previous results [5, 41] , ASF/SF2-RBD2 appears to be the dominant regulator of E1A splice-site selection in the context of the wild-type protein, since the full-length protein has the same activity as the RBD2 domain (Figure 1 ). In fact, ASF/SF2-RBD2 alone causes an inhibition of 12 S mRNA splicing; i.e. a probable reduction in U1 snRNP occupancy at the 12 S 5 -splice site. However, since ASF/ SF2-RBD1 has the opposite activity of stimulating cap-proximal 5 -splice-site occupancy, the wild-type ASF/SF2 protein may stimulate U1 snRNP recruitment to both the 5 -splice sites. As a result, when all the 5 -splice sites are filled, splicing occurs between the 5 -splice sites closest to the 3 -splice site [26] .
The repressive function of the ASF/SF2-RBD2 domain on E1A 12 S 5 -splice-site splicing is reminiscent of our previous observation that ASF/SF2-RBD2 functions as a splicing repressor domain inhibiting IIIa 3 -splice-site usage [29] . However, in the present study, we show that the regulation of 5 -splice-site usage is more complex, with the RBD2 domain functioning both as an activator (13 S) and as a repressor (12 S) domain in splicing. Furthermore, the activity of ASF/SF2-RBD2 as a repressor of IIIa 3 -splice-site usage required an artificial tethering of the domain to the pre-mRNA [29] , whereas this was not required for its function as a regulator of E1A 5 -splice-site usage. A possible explanation for the difference in results could be related to the fact that ASF/SF2 appears to bind directly to a 5 -splice site [6, 32] . In contrast, ASF/SF2 and also SR proteins in general are believed to enhance or repress 3 -splice-site usage by binding to splicing enhancer or splicing repressor elements that can be located at some distance from the 3 -splice site (reviewed in [3] ).
Mutating the RNP-1 motif completely inactivated the MS2-RBD2 + RS protein as an E1A splicing enhancer protein (Figure 3) . In our previous experiments on IIIa splicing, the same mutation had no effect on the activity of the protein as a 3 -splicesite repressor protein [29] . This result was as expected, since the activity of RBD2, as a regulator of IIIa 3 -splice-site usage, required the artificial tethering of the protein to the RNA via an MS2 operator sequence and, therefore, was not dependent on its own RNA-binding capacity. This difference in results suggests that restoring the RNA-binding capacity of the RNP-1 mutant protein, by introducing an MS2 operator at an appropriate position in the E1A pre-mRNA, would re-activate the MS2-RBD2 + RS (RNP-1 − ) protein as a regulator of E1A splicing. We have tested this hypothesis by inserting an MS2 operator site at several positions in the E1A pre-mRNA. However, we were unable to restore the capacity of the RNP-1 mutant protein to function as an activator of E1A splicing (results not shown) at any of the tested positions. We showed previously that placing the highly structured MS2 operator too close to the IIIa 3 -splice site resulted in a general inhibition of splicing [29] . Because of this finding, we did not attempt to insert the MS2 operator directly at the 13 S 5 -splice site. We cannot therefore exclude that our experiments failed because the highly structured MS2 operator was not placed at the appropriate position to aid in the recruitment of U1 snRNP.
Mutating the SWQDLKD motif in ASF/SF2-RBD2 had no significant effect on the RNA-binding capacity of the mutant protein (Figure 4 ). This result was logical since α-helix 1 is predicted to be positioned opposite to the β1 and β3 strands making contact with the RNA in the predicted structure of RBD2. Therefore the complete loss of splicing enhancer activity of this protein suggests that this motif probably functions as an interaction surface mediating critical contacts between ASF/SF2 tethered to the premRNA and other factors in the spliceosome. In this respect, it is interesting to note that this motif was also essential for the activity of the MS2-RBD2 + RS protein to function as a repressor of adenovirus IIIa splicing [29] . Taken together, our results suggest that the SWQDLKD motif is a crucial domain mediating critical interactions between ASF/SF2 and the splicing machinery. Obviously, characterization of the partner proteins that interact with the α-helix 1 domain of ASF/SF2-RBD2 will be important to explain the multifaceted character of this domain on 5 -and 3 -splice-site usage.
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